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We briefly describe our relativistic quark-diquark model, developed within the framework of point
form dynamics, which is the relativistic extension of the interacting quark-diquark model. In order
to do that we have to show the main properties and quantum numbers of the effective degree of
freedom of constituent diquark. Our results for the nonstrange baryon spectrum and for the nucleon
electromagnetic form factors are discussed.
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I. INTRODUCTION
The concept of diquark was introduced by Gell-Mann in 1964 [1] and soon afterwards the effective degrees of freedom
of diquarks were used in order to describe baryons as bound states of a constituent quark and diquark [2]. There
are several phenomenological arguments in favor of diquark correlations [3–5]. For example, it is known that the
quark-diquark model does not predict the existence of the 20 SUsf(6) multiplet, which on the contrary is predicted by
three quarks constituent quark models. If one decomposes such SU(6)sf multiplet in terms of SUf(3) ⊗ SUs(2), one
gets a spin- 1
2
flavor octet and a spin- 3
2
flavor singlet: the absence of the spin- 3
2
flavor singlet from PDG [6] represents
an argument in favour of quark-diquark models. There are also phenomenological indications, regarding the Regge
behavior of hadrons, the ∆I = 1
2
rule in weak nonleptonic decays [7], some regularities in parton distribution functions
[8] and in spin-dependent structure functions [8] and in Λ(1116) and Λ(1520) fragmentation functions [3–5]. Moreover
it is well known that any interaction, that is strong enough to bind π and ρ mesons in the so called rainbow-ladder
approximation of QCD’s Dyson-Schwinger Equation (DSE), will also produce diquarks [9]. Furthermore indications
for diquark confinement have also been provided [10]. This makes plausibly enough to make diquarks a part of the
baryon’s wave function.
Other interesting approaches to baryon (meson) spectroscopy and structure, studied within other types of models
and/or formalisms, can be found in Refs. [11].
II. NONRELATIVISTIC QUARK-DIQUARK STATES
We assume that baryons are composed of a constituent diquark and quark. The effective degree of freedom of diquark
describes two strongly correlated quarks, without internal spatial excitations (thus in S wave). The diquark has to
be in the 3¯ representation of SUc(3), since the baryon must be colorless. Thus the possible SUsf(6) representations
for the diquark are limited to the symmetric 21 representation, that contains the [3¯, 0] and [6, 1] representations.
The notation used here is [F 1, s1], where F 1 stands for the dimension of the SUf(3) representation and s1 for the
spin of the diquark. If one calculates the quark-quark interaction due to one gluon exchange, the channel 3¯f looks
energetically favoured [3, 4, 12, 13] and thus such configuration, i.e. [3¯, 0] (spin singlet, antisymmetric in flavor), is
defined by Wilczek [3] and Jaffe [4] as ”good” diquark (or scalar diquark), while the other one, i.e. [6, 1] (spin triplet,
symmetric in flavor), is defined as ”bad” diquark (or axial-vector diquark).
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2If only nonstrange baryons are considered, one has the following basis in spin-isospin space,
∣∣ s1 = 0, t1 = 0; 12 , 12 ; S = 12 , T = 12 〉 , (1a)
∣∣ s1 = 1, t1 = 1; 12 , 12 ; S = 12 , T = 12 〉 , (1b)
∣∣ s1 = 1, t1 = 1; 12 , 12 ; S = 12 , T = 32 〉 , (1c)
∣∣ s1 = 1, t1 = 1; 12 , 12 ; S = 32 , T = 12 〉 , (1d)
∣∣ s1 = 1, t1 = 1; 12 , 12 ; S = 32 , T = 32 〉 , (1e)
where the spin of the quark (1
2
) and that of the diquark (s1 = 0 or 1) are coupled to the total spin of the baryon and
the same holds for the isospins.
III. INTERACTING QUARK-DIQUARK MODEL OF BARYONS
In the interacting quark-diquark model of Ref. [14], the author considers a quark-diquark system, in which the
relative motion between the quark and the diquark is described by the relative coordinate ~r (with conjugate momentum
~q). In first approximation the relative motion of the quark and the diquark is considered non relativistic, the quark-
diquark interaction is assumed to contain a direct and an exchange term, and a mass splitting between the scalar and
the axial-vector diquark is also introduced.
The direct interaction contains a Coulomb-like term and a linear confining one:
Vdir(r) = −
τ
r
+ βr . (2)
The author also needs an exchange interaction, since this is a crucial ingredient of a quark diquark model [14, 15]:
Vex = 2A(−1)
L+1e−σr
[
~s1 · ~s2 + ~t1 · ~t2 + 2~s1 · ~s2 ~t1 · ~t2
]
. (3)
Here ~s1,2 and ~t1,2 are the spin and isospin operators of the diquark and of the quark, respectively.
The splitting between the two diquark configurations (scalar and axial-vector), called ∆, is parametrized as
∆ = B + Cδ0 , (4)
i.e., as a constant B, which acts equally in all states with s1 = 1, plus a contact interaction, which only acts on the
spatial ground state and of strength C.
Summarizing, the Hamiltonian used in this model [14] has the following form:
H = E0 +
q2
2µ −
τ
r + βr + (B + Cδ0)δS12,1+
(−1)
L+1
2A e−σr
[
~s1 · ~s2 + ~t1 · ~t2 + 2 ~s1 · ~s2 ~t1 · ~t2
]
,
(5)
where E0 is a constant, δ0 stands for δn0δL0 (where n is the principal quantum number) and µ is the reduced mass of
the quark-diquark system. The values of the model parameters, fitted to the reproduction of the nonstrange baryon
spectrum, are reported in table I.
The total wave functions are combinations of the spin-flavor wave functions with the spatial ones. For the central
interaction of Eq. (2), the spatial part of the wave function is
Ψn,L,m (~r) = Rn,L(r)YL,m(θ, ϕ) , (6)
where Rn,L(r) is the solution of the radial equation. For a purely Coulomb-like interaction, such as that of Eq. (2),
the solution of the eigenvalue problem is analytical. All the other interactions are treated as perturbations.
In Fig. 1 the results of the model are compared to experimental data, extracted from PDG [6].
3µ = 102 MeV A = 205 MeV σ =0.60 fm−1
τ = 3.89 β = 0.051 fm−2 B = 300 MeV
C = 400 MeV E0 = 1706 MeV
TABLE I: Resulting values for the model parameters.
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FIG. 1: Comparison between the calculated masses [14] (black lines) and the experimental ones (boxes) of non strange ⋆⋆⋆ and ⋆⋆⋆⋆
baryon resonances [6]. APS copyright [14].
IV. RELATIVISTIC QUARK-DIQUARK MODEL
In Ref. [16] we have performed the relativistic extension of the previous model, within the framework of point form
dynamics. The point form dynamics has the interesting property of allowing the coupling of the angular momenta
and/or the spins as in the non relativistic case [17]. The point form formalism and the costruction of the relativistic
quark-diquark states are analyzed in details in Refs. [16, 17].
A. The Mass Operator
We consider a quark-diquark system, where ~r is the relative coordinate between the quark and the diquark and ~q
the conjugate momentum to ~r [16]. Our relativistic quark-diquark model is based on the following baryon rest frame
mass operator [16]
M = E0 +
√
q2 +m2
1
+
√
q2 +m2
2
+Mdir(r) +Mcont(r) +Mex(r) , (7)
where E0 is a constant, Mdir(r) and Mex(r) are the direct and the exchange diquark-quark interaction respectively,
m1 and m2 are the diquark and quark masses (m1 is either mS or mAV according if the mass operator acts on a
scalar or an axial-vector diquark) and Mcont(r) is a contact interaction.
The direct term is the sum of a Coulomb-like interaction with a cut-off and a linear confinement term:
Mdir(r) = −
τ
r
(
1− e−µr
)
+ βr . (8)
As in Ref. [14], we also need an exchange interaction, since this is a crucial ingredient of a quark diquark model
[14, 15]:
Mex(r) = (−1)
l+1e−σr
[
AS ~s1 · ~s2 +AI ~t1 · ~t2 +ASI ~s1 · ~s2 ~t1 · ~t2
]
. (9)
Here ~si and ~ti (i = 1, 2) are the spin and isospin operators.
4Furthermore, we consider a contact interaction similar to that introduced by Godfrey and Isgur in Ref. [18], i.e.
Mcont =
(
m1m2
E1E2
)1/2+ǫ
η3D
π3/2
e−η
2r2 δL,0δs1,1
(
m1m2
E1E2
)1/2+ǫ
, (10)
where Ei =
√
q2 +m2i (i = 1, 2), ǫ, η and D are parameters of the model [16].
The whole mass operator of Eq. (7) has been diagonalized by means of a numerical variational procedure, based
on harmonic oscillator trial wave functions. With a variational basis made of N = 256 harmonic oscillator shells the
results converge very well, even if we have noticed that convergence is already satisfying for N ≈ 150. Finally, it has
to be noted that in Ref. [16] all the calculations are performed without any perturbative approximation.
B. Nonstrange baryon spectrum
Fig. 2 shows our results for the non strange baryon spectrum, obtained with the set of parameters of table II
[16]. One can notice that the overall quality in the reproduction of the experimental data (3⋆ and 4⋆ resonances) is
comparable to that of other relativistic constituent quark models [19, 20], even if our results are not plagued with the
problem of missing resonances. Indeed our model does not predict missing states below the energy of 2 GeV [16].
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FIG. 2: Comparison between the calculated masses [16] (black lines) of the 3⋆ and 4⋆ non strange baryon resonances (up to
2 GeV) and the experimental masses from PDG [6] (boxes). APS copyright [16].
mq = 200 MeV mS = 600 Mev mAV = 950 MeV
τ = 1.25 µ = 75.0 fm−1 β = 2.15 fm−2
AS = 375 MeV AI = 260 MeV ASI = 375 MeV
σ = 1.71 fm−1 E0 = 154 MeV D = 4.66 fm
2
η = 10.0 fm−1 ǫ = 0.200
TABLE II: Resulting values for the model parameters [16].
An important aspect in a quark-diquark model is the mass difference between axial-vector and scalar diquarks.
Indeed, while the values of the diquark masses are model dependent, their difference is not. It is thus worthwhile
noting that our estimation [16] lies within the mass range predicted by the majority of the studies on the quark-diquark
model and diquark correlations [3, 4, 21–30]. Such evaluations come from phenomenological observations [3, 4], lattice
QCD calculations [28, 29], instanton liquid model calculations [23], applications of Dyson-Schwinger, Bethe-Salpeter
and Fadde’ev equations [24–27, 30] and constituent quark-diquark model calculations [21, 22].
5V. NUCLEON ELECTROMAGNETIC FORM FACTORS
The nucleon elastic electromagnetic (e.m.) form factors contain important informations on the internal structure of
the nucleon and thus can be a useful tool for the understanding of the strong interaction. This is the reason why an
extensive program for their experimental determination is currently underway at several facilities around the world.
A renewed interest in the description of the internal structure of the nucleon has been triggered by the most
recent results on the ratio of the electric and magnetic form factors of the proton [31–40], showing an unexpected
decrease with Q2, at variance with the widely accepted dipole-fit expectation. The observed deviation of the ratio
µpG
p
E(Q
2)/GpM (Q
2) from the dipole-fit expectation, i.e. µpG
p
E(Q
2)/GpM (Q
2) = 1, can be expected in CQM’s provided
that relativistic effects are taken into account.
In light of this we have decided to calculate the nucleon elastic electromagnetic form factors in the relativistic quark-
diquark model [16]. The e.m. form factors have been computed in the point form spectator impulse approximation
(PFSA) [41], using as nucleon state that obtained by solving the eigenvalue problem of the mass operator (7) through
a numerical variational procedure [16]. The diquark is considered as a particle with spin s1 = 0 (and isospin t1 = 0),
being a scalar one. There are also calculations of the nucleon e.m. form factors within point form dynamics for the
three constituent quark case. For example see Ref. [42–44], where the nucleon e.m. form factors have been calculated
with a relativized version of the hypercentral quark model.
In the impulse approximation the electromagnetic properties of composite particles should be determined by the
e.m. properties of their constituents. Thus the e.m. properties of hadrons should be determined by the e.m. properties
of constituent quarks (and diquarks) [41]: this means approximating the e.m. current operator Jµ(0) by one body
operators, assuming that the matrix elements of the many body current operator are smaller than the one body ones.
For the calculation we choose the Breit-frame where the initial and final nucleon momenta are taken along the
z-axis, that is ~PN = ~P
′
N = −
q
2
zˆ, being q the z-component of the virtual photon momentum. The PFSA matrix
elements of the e.m. current operator, in the space of the single particle free states, take the form [45]
〈p′1, p
′
2, λ
′
1, λ
′
2| J
µ |p1, p2, λ1, λ2〉 = u¯λ′
2
(p′2)uλ2(p2)j
µ
1
(p′1, p1)δ
3(p′2 − p2)
+ u¯λ′
2
(p′2)j
µ
2 uλ2(p2)δ(p
′
1 − p1) ,
(11)
where the first and the second term represent the diquark current (acting the quark as a spectator) and the quark
current (acting the diquark as a spectator), respectively.
Both the diquark and the quark are considered as effective, composite, constituent particles, so that form factors are
added to their vertex functions. In the PFSA, the interacting particle is considered on-shell, so that, for the s1 = 0
diquark current [jµ1 (p
′
1, p1)], we need one form factor, F
D
1 (q˜
2), where q˜2 is the squared four-momentum effectively
exchanged by the interacting constituents. On the other hand, Dirac and Pauli form factors F q1 (q˜
2) and F q2 (q˜
2) are
used to parametrize the quark current [jµ2 (p
′
2, p2)] [45].
We enforce phenomenologically current conservation by introducing a conserved current operator Jcµ, defined as
Jcµ = Jµ +
qµ (q · J)
Q2
, (12)
where Q2 = −q2. It is worthwhile noting that, for elastic scattering in the Breit frame, the modified current operator
of Eq. (12) does not change the results for the e.m. form factors of the nucleon.
We compute the matrix elements of the nucleon current following the standard formalism of the PFSA [17]. The
invariant nucleon form factors are given by [45]
Gνµ′µ =
∫
d3k′2d
3k2 ψ
∗(~k′;µ′)ψ(~k;µ) 〈k′1| j
ν
1 |k1〉D
1/2
µ′µ[RW (k2, B
−1(vf )B(vi))]δ
3(k′2 −B
−1(vf )B(vi)k2)
+
∫
d3k′1d
3k1 ψ
∗(~k′;µ′)ψ(~k;µ)D
1/2∗
λ′
2
µ′ [RW (k
′
2, B(vf ))] 〈k
′
2, λ
′
2| j
ν
2 |k2, λ2〉D
1/2
λ2µ
[RW (k2, B(vi))]
× δ3(k′1 −B
−1(vf )B(vi)k1) ,
(13)
where the first term represents the diquark contribution and the second term the quark one, ψ(~k;µ) is the quark-
diquark system wave function, with the overall velocity factored out and µ is the third component of the nucleon spin.
The q˜2 behavior of the quark and diquark form factors is chosen as [45]
FD(q˜
2) =
1
3
1(
1− q˜
2
A2
D
)BD , Fu,d1 (q˜2) = eu,d(
1− q˜
2
A2
u,d
)Bu,d , Fu,d2 (q˜2) = κu,d(
1− q˜
2
C2
u,d
)Du,d , (14)
where eu,d and κu,d are the electric charge and the anomalous magnetic moment of the u/d quarks, respectively.
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FIG. 3: Elastic form factors of the nucleon. The solid line corresponds to the relativistic quark-diquark calculation of Ref. [45].
The experimental data for GpM are taken from the reanalysis made by Brash et al. [46] of the data from Refs. [47–53]; the
points shown for GpE are obtained from the data on G
p
M and the linear fit [46] of the Jlab data on the ratio µpG
p
E/G
p
M ; for G
n
E
the experimental data are taken from Refs. [54–63] and for GnM from Refs. [64–70]. APS copyright [45].
AD = 1.27 GeV BD = 2.01
Au = 1.68 GeV Bu = 0.66
Ad = 1.50 GeV Bd = 1.40
Cu = 0.72 GeV Du = 1.34 κu = 0.38
Cd = 1.20 GeV Dd = 1.95 κd = -0.33
TABLE III: Resulting values for the free parameters in quark and diquark form factors [45].
By fitting the free parameters to the reproduction of GpM , G
n
M , G
n
E and the ratio µpG
p
E/G
p
M we obtain the curves
shown in Figs. 3 and 4 (see also table III for the values of the free parameters).
As it can be seen in Figs. 3 and 4, the experimental data are reasonably well reproduced. The discrepancies arising
in the case of the electric neutron form factor are related to the way in which the SU(6) symmetry is broken and this
represents an open problem of CQM’s. With respect to the non relativistic case, the relativistic wave functions have
more high momentum components. This fact, together with the application of exact boosts to the Breit-Frame, leads
to a reasonable reproduction of the existing data on the electromagnetic form factors. To obtain a good reproduction
of the experimental data, it has also been necessary to develope the electromagnetic current formulas directly with
diquark and quark form factors, to take the effective nature of the constituent quark and diquark into account.
The introduction of such phenomenological form factors in the electromagnetic current makes it possible to obtain
a reasonable agreement with the available experimental data up to 8 GeV2 and a crossing of the zero for the ratio
µpG
p
E/G
p
M at Q
2 ≈ 8 GeV2.
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